The Mediterranean region has been characterised by a number of pre-historical and historical demographic events whose legacy on the current genetic landscape is still a matter of debate. In order to investigate the degree of population structure across the Mediterranean, we have investigated Y chromosome variation in a large dataset of Mediterranean populations, 11 of which are first described here. Our analyses identify four main clusters in the Mediterranean that can be labelled as North Africa, Arab, Central-East and West Mediterranean. In particular, Near Eastern samples tend to separate according to the presence of Arab Y chromosome lineages, suggesting that the Arab expansion played a major role in shaping the current genetic structuring within the Fertile Crescent.
Introduction
The Mediterranean basin has witnessed a number of dramatic demographic events throughout time. The area has been peopled since the very beginning of the human diaspora from the Africa continent. The archeological 2002; Richards et al. 2002) and archaeologists (Ammerman & Cavalli-Sforza, 1984; Zvelebil & Zvelebil, 1988) , even though in the frame of hypothesis testing, actual available data seems to support a Neolithic Demic Diffusion (NDD) scenario (Barbujani & Goldstein, 2004) . The complexity of Mediterranean genetic history is testified also by the number of historical events occurring in this area: the foundation of Greek colonies in the west Mediterranean (South Italy, Spain and coastal France; Burn, 1990) , Phoenician and Carthaginian settlements (Cunliffe, 2001) , and the creation of the Roman Empire, which at its peak dominated the entire Mediterranean coast. Later in time, the Arab conquest had a major historical impact, starting from the Arabian Peninsula, moving through the Near East and finally reaching North Africa, the Iberian Peninsula and Sicily (Dussaud, 1955; Finley, 1968; Ricci, 1984; Abun-Nasr, 1987; Hitti, 1990) . The numbers of population contacts that occurred along the Mediterranean coast following commercial routes (Braudel, 1998) are an additional element, suggesting that the gene flow across groups was very large and that it possibly erased genetic differences across the basin. A recent study of Y chromosome variation in Mediterranean populations showed the distinctiveness of North Africans compared to the rest of the Mediterranean, but failed to find any heterogeneity among other Mediterranean populations (Quintana-Murci et al. 2003) . Using a more formal inferential framework, Chikhi et al. (2002) estimated the current degree of Neolithic component in European populations, and revealed similar Near Eastern contributions in Mediterranean and continental European samples. Flores et al. (2004) investigated the structure within Iberia and included in their analysis a group of samples representing Mediterranean populations. The North African populations tended to separate clearly from other samples, with some indication of structure between Near East and Mediterranean samples, but substantial homogeneity within Northern Mediterranean groups was observed. Nebel et al. (2002) reported the presence of Arab markers in some Near Eastern populations, possibly as a result of the Arab expansion, but did not specifically question if this had any effect on population structure within the Near East, and Hammer et al. (2000) pointed to a common male origin for Jews and Middle Easterners.
So far little attention has been devoted to differences within the Near East populations and across Mediterranean groups. The current set of data now makes it possible to specifically address this issue.
Here we explicitly assess Mediterranean genetic structure by analysing Y chromosome distribution in 11 different populations with a battery of both fast and slow evolving markers (Fig. 1) . A total of 656 Y-chromosomes were typed for 6 Y linked STRs and 16 Unique Event Polymorphisms (UEPs). Additionally, we included published Y chromosome data for SNPs (58 populations) and STRs (34 populations) (Bosch et al. 1998 (Bosch et al. , 2001 Nebel et al. 2001; Semino et al. 2000; Malaspina et al. 2001; Wilson et al. 2001; Luis et al. 2004; Flores et al. 2004; Cinnioglu et al. 2004; Thomas et al. 2000; Arredi et al. 2004) .Our analyses revealed significant structure in the Mediterranean Y chromosome gene pool, in particular pointing to structure within the Middle East due to the presence of an Arab genetic component, a result also supported by a reanalysis of published mtDNA and autosomal markers (Richards et al. 2002; Thomas et al. 2002; Plaza et al. 2003; Rosenberg et al. 2002) .
Materials and Methods

Samples
Geographic origin of populations genotyped in this study is indicated in Figure 1 . The Sicilians, a subset of Sardinians and Tunisian sample origins have already been described (Romano et al. 2003; Ciminelli et al. 1995; Comas et al. 2000; Plaza et al. 2003) . Sample sizes are as in Table 1 . Haplogroup and haplotype published data included in the analyses are described in Table 1 .
Y Chromosome Genotypings
Y-STRs were genotyped as described in Thomas et al. (1999) and included DYS388, DYS393, DYS392, DYS19, DYS390 and DYS391 loci. UEPs were genotyped using monoplex and multiplex reactions (Table 2) . YAP, SRY 10831, SY81 and SRY 4064 were genotyped following published protocols (Thomas et al. 1999) . RPS4Y polymorphism was genotyped as described in Capelli et al. (2001) . Tat and 12f2 markers were scored as indicated in Rosser et al. (2000) . All other markers were genotyped as described below. The genealogical relationship between the selected markers is shown in Figure  2 , following the Y Chromosome Consortium nomenclature (2002 Table 2 . Restriction reactions were performed following the supplier's information (New England Biolabs, Beverly, Mass.) The PCR mix preparation was performed following suggestions described in Thomas et al. (1999) .
Appropriate allelic control DNAs where included to confirm successful restriction reaction conditions. The digested products were run on a 377 ABI instrument (Applied BioSystems, Foster City, CA).
The M173/M17/M172/M170/M9/92R7 multiplex was firstly genotyped in all the samples. M9 derived samples, ancestral at 92R7, were also tested for tat. M9, M170, M172 underived samples were tested for M89, 12f2 and M35. Samples ancestral at these markers were additionally tested for SRY 10831, YAP and RPS4Y. YAP derived samples ancestral at M35 were tested for SRY4064 and SY81. M26 was tested only on M170 derived chromosomes.
Two 
Statistical Analysis
Principal Components (PC) analysis was performed on haplogroup frequencies by using POPSTR software (Henry Harpending, pers comm.). Geographic structuring of variation was assessed using AMOVA as implemented in the Arlequin software (Schneider et al. 2000) . AMOVA analysis was performed taking in consideration STR data only and using Rst genetic distance (Slatkin, 1995) . Samples included in the analyses are indicated in Table 1 . MtDNA PC analysis was perfomed on a set of published data (Richards et al. 2002; Thomas et al. 2002; Plaza et al. 2003 ) Admixture estimations were calculated by LEA and ADMIX software (Chikhi et al. 2001; Bertorelle & Excoffier, 1998; Dupanloup & Bertorelle, 2001 ) using hg information (i.e. binary markers only) and considering the E3b North African modal type as separate from the rest of the E3b group. Selected autosomal data from Rosenberg et al. (2002) was investigated by the use of the STRUCTURE program (Pritchard et al. 2000) . Each STRUCTURE run was performed twice with a burn-in and run length of 200,000 each.
Results and Discussion
Mediterranean Population Structure
We analysed 16 biallelic markers (otherwise known as Unique Event Polymorphisms -UEPs) identifying hgs (Fig. 2, Table 3 ), and 6 Y linked microsatellites (Thomas et al. 1999 ) defining hpts (Appendix). To include additional data from other reference populations (Table 1) Y chromosome PC analysis (Fig. 3a ) was performed with a lower level of resolution, collapsing the 14 observed haplogroups into 8 haplogroups, as described in Sizes were estimated using a 4.25% acrylamide gel run on a 377 ABI automated sequencer with TAMRA 350 (Applied Biosystem) as internal size standard; c)
M17 primers were described in Thomas et al. (1999); d) 12f2 primers were described in Rosser et al. (2000) ; e) tat primers were described in Rosser et al. (2000) Primer on hgs frequencies, using the same 8 hgs tested for PC analysis. The pattern of population similarities paralleled that displayed by PC analysis, with populations in the same cluster being mostly not significantly different from each other (P > 0.05, data not shown). Population relationships were also investigated by the use of microsatellite variation on a total of 34 populations (Table  1) . Analysis of the distribution of molecular variation on STRs haplotypes (performed using Arlequin software; Schneider et al. (2000) ) was also consistent with the four group clustering suggested by the PC analysis, with the lowest within groups variation (1.57%) and largest between groups variation (7.70%, st 0.077, P 0.01). Clustering of the West and Central-East Mediterranean populations lowered the intergroup variation to 6.95 % and increased the intragroup value to 2.35% (P 0.01). Following a geographical clustering scheme as indicated in Table 1 , genetic variation showed a between groups value of 5.18% and a within groups percentage of 3.06 (P 0.01). Finally, clustering the North African Arab samples with the Arab cluster of Figure 3a displayed a between groups value of 6.18% and a within groups percentage of 2.71 (P 0.01). We also evaluated the degree of differentiation shown by Mediterranean populations by performing PC analysis on previously published mtDNA haplogroup data (Richards et al. 2002; Thomas et al. 2002; Plaza et al. 2003) . In general agreement with the Y chromosome results, a Mediterranean, an Arab and a North African cluster were apparent (Fig. 3b) . Contrary to the Y chromosome PC plot (Figure 3a ) West and Central Mediterranean samples did not cluster independently, while a certain tendency to separate was shown by Middle Eastern samples. Mediterraneans and North Africans were closer to each other than to Arabic populations (Bedouins and Yemenite), a result previously interpreted as a signature of female mediated gene flow across the Mediterranean basin (Plaza et al. 2003) . Near Eastern Arab populations (Palestinians, Jordanians and Syrians) did not cluster with the Arabians and were instead closer to Mediterranean populations. This result is in contrast with the Y chromosomal data, where Arabian and nonArabian Arabs grouped together (Fig. 3a) . Sex mediated differential contacts between the Arabian peninsula and the Near East could be responsible for the different observed pattern. In the Middle East, only Bedouins seem to have had extensive contacts with Arabians, as in both mtDNA and Y chromosome analyses they cluster together. Recently Rosenberg et al. (2002) published an investigation of world-wide populations genotyped at almost 400 microsatellite loci. They assessed population differentiation using the clustering scheme implemented in the STRUCTURE software (Pritchard et al. 2000) .
Using the same approach we focused our attention on samples present in their dataset that are comparable to ours, namely Sardinians and Italians, Mozabites from North Africa, Bedouins and Palestinians. Previous analysis revealed independent clustering on Basques from other European samples (Rosenberg et al. 2002) ; therefore, in order to make the computation time feasible, we did not include this group in our analysis. Several runs were performed and the highest likelihood values were obtained when testing a number of clusters K >= 4. These K values were associated with overlapping likelihood values across runs, so that it was not possible to identify the most likely number of clusters (data not shown). However, in all these cases at least three different groups were present: group 1 clustered the majority (over 70%) of Italians and Sardinians, and a small part of Bedouins and Palestinians; group 2 was represented by almost 90% of North Africans; and group 3 contained the majority of Palestinians and a subset of Bedouins. Additional groups were composed by subsequent subdivision of the Bedouin sample. Clusters 1, 2 and 3 broadly mirrored Mediterranean, North African and Arab Y chromosome and mtDNA groupings. Taking into consideration the independent clustering of Basques from other European samples (Rosenberg et al. 2002) , the four clustering scheme suggested by Y chromosome analysis seems to be supported also at an autosomal level. Additional groups, almost exclusively represented by Bedouins, were also observed. These additional clusters most likely reflect specific gene flow or drift occurring in Bedouins. Richards et al. (2003) Bosch et al. 2000 Bosch et al. , 2001 and it is the modal hpt in Syria and Yemen (Thomas et al. 2000) . J * (xJ2) hg frequency has an important influence on the distribution of populations on the PC plot axis 2, the axis along which Arab and Arabian populations tend to cluster. These populations also show high frequencies for the GMH and its one microsatellite mutational step neighbours. J * (xJ2) and GMH appear then to be non-randomly distributed across populations, and together may represent a signature for Arabian influence. Interestingly, considering the two Lebanese samples, the Muslims contained GMH and its one microsatellite mutation step cluster at frequencies of 4.6% and 14%, respectively, while on the contrary the Christians displayed only the GMH (2.5%). Hg J * (xJ2) frequencies in Muslim and Christian
Lebanese were 31% and 9%, respectively. Nebel et al. (2002) suggested a "working model" with two main waves of contacts between the Near East and the Arabian peninsula. An earlier Near East expansion toward the Arabian Peninsula during Neolithic time would be identified by types shared also with Jewish communities, while Arabian and Near East group uniquely shared types could be instead related to a more recent population movement, following the dispersion of nomadic tribes out of the Arabian peninsula.
Arabian male admixture with Near East populations could explain the independent grouping of these from Mediterranean populations, as shown by Y chromosome data. The different pattern shown by mtDNA (Fig. 3b) , with non-Arabian Arabs clustering with Mediterranean groups, suggests that Arab introgression had different effects in different groups possibly due to sex-biased gene flow.
This scenario has important implications also on the investigation of the origin of Jewish communities. Genetic variation in Jewish populations has been investigated in several recent papers using different genetic systems (e.g. Hammer et al. 2000; Nebel et al. 2001; Thomas et al. 2002; Behar et al. 2003) . Basing their analysis on Y chromosome variation, Hammer et al. (2000) recently found similarity between Near Eastern and Jewish communities, and suggested a common Near Eastern origin for all these groups. We have focused on Mediterranean and Near Eastern populations and highlight a significant separation between "Arabian" Near Easterners and Jewish populations. Both PC and AMOVA analyses suggest a more complex scenario, with Sephardic and Kurdish Jews closer to Mediterraneans, and Djerba and Ashkenazi instead showing a higher affinity to Arab populations. A larger Djerban Jewish sample confirms this observation (Leonardi et al. personal communication) . These results contrast with those of Hammer et al. (2000) . However, the main differences between the two investigations are the specific focus on Mediterranean populations and the additional level of resolution within hg J, offered by the inclusion of the M172 marker and microsatellite data. Hg J frequencies are in fact similar across Jewish communities and Near Easterners, while J2 and J * (xJ2) hgs frequencies highlight important differences. Hg J * (xJ2)
is always more frequent (sometime even as much as twice as frequent) than J2 in the "Arabian" Near Eastern populations, while J2 is more frequent than J * (xJ2) in the Jewish populations (Table 2 ; Nebel et al. 2001; Cinnioglu et al. 2004; Luis et al. 2004; Semino et al. 2004) The inclusion of genetically different worldwide populations such as Sub Saharan African, European and North African in the MDS analysis by Hammer et al. (2000) probably favoured the clustering of broadly similar populations such as Near Easterners and Jews, due to their high hg J frequencies (between 28% and 84%).
All the Europeans included in their analysis had low hg J frequencies except the only two Mediterranean samples, Italy and Greece, which were in fact the closest to Near Eastern/Jews in their MDS analysis. The heterogeneity we observed between the Jewish groups included here and the Near East populations might be related to the independent genetic histories and European admixture (Thomas et al. 2002; Nebel et al. 2002; Behar et al. 2003) , and to male specific Arabic gene flow into Arab Near Eastern populations.
North Africa, West and Central Mediterranean clusters
Genetic distinctness of North African populations has been shown by a number of investigations (Arredi et al. 2004; Bosch et al. 2001; Flores et al. 2004; Rosser et al. 2000) . This uniqueness seems to be only partially related to SubSaharan gene flow, as little introgression from this area has been suggested (Salas et al. 2004; Bosch et al. 2001) . North African populations show little Y chromosomal variation, a result interpreted as a consequence of the Neolithic expansion (Arredi et al. 2004) . North African populations have E3b frequencies above 50% (Table 1 and Bosch et al. 2001; Arredi et al. 2004) , while this hg is not above 29% in other Mediterranean and European samples (Table 1, Semino et al. 2000 Semino et al. , 2004 Rosser et al. 2000) . The E3b North African types are mostly derived from the M81 marker, while European E3b types are defined by the M78 marker (both not included in our UEP panel) . Very limited North African gene flow to Europe seems to have occurred (Bosch et al. 2001) . In order to quantitatively estimate the North African male genetic introgression on the northern shores of the Mediterranean basin, we used likelihood and least-square approaches, as implemented in the LEA and ADMIX software (Chikhi et al. 2001; Bertorelle & Excoffier, 1998; Dupanloup & Bertorelle, 2001 ). We selected Moroccan Berbers/Basques (Bosch et al. 2000 (Bosch et al. , 2001 and Tunisian/Southern Italians, respectively, as possible representatives of the source populations for the Iberian and Sicilian samples. Hpt 44, modal in North Africa (see appendix and Bosch et al. 2000; 2001; Arredi et al. 2004 ) has been considered as separate from the rest of the E3b chromosomes. The median likelihood estimations ranged between 0.15 and 0.271, while the ADMIX values were between 0.004-0.21. The two different approaches support a scenario with limited genetic contribution of North African populations, in agreement with their independent clustering in the STRUCTURE analysis, and as suggested also by mtDNA and Y chromosome analysis (Figure 3a, 3b ; Plaza et al. 2003) and in agreement with previous data (Bosch et al. 2001; Cruciani et al. 2004) .
Of interest is the genetic separation that West Mediterranean samples from Iberia display vs. Central and East Mediterranean samples, as shown in this study by Y chromosome SNPs and STRs analyses and by autosomal data (Rosenberg et al. 2002) . Investigation of the mtDNA distribution of genetic variation instead seems to support a more homogeneous situation for European Mediterranean populations. Higher female than male gene flow across populations and/or difference in population sizes of breeding individuals between the two genders have been suggested as possible explanations for this observation (Seielstad et al. 1998; Dupanloup et al. 2003) . The observed autosomal independent clustering (Rosenberg et al. 2002) could possibly be due to unique characteristics of the Basque population, but not of all of Iberia, and reflects drift occurring in this group. A more exhaustive sampling and genotyping of multiple genetic systems for the same individuals from populations from this area and from other European populations would help to clarify this issue.
Conclusions
The significant genetic structuring of populations facing the Mediterranean basin into three groupings, Near Eastern Arab, Mediterranean and North African, is related to the demographic processes that have occurred since first populating the area. The distribution of Neolithic technologies was probably paralleled by demographic expansion in the Mediterranean basin, and subsequent westward migration by Phoenicians and Greeks contributed to the distribution of Y chromosome types of most likely Near East origin. The Arab conquest in particular appears to have had a dramatic influence on the East and South Mediterranean coasts, with differential sex-related gene flow playing a major role in the distribution of genetic variation. The presence of Arab Y chromosome lineages in the Middle East suggests that most have experienced substantial gene flow from the Arabian peninsula. This result raises the issue of the correctness of identifying all Near Eastern populations as reliable representations of the original Neolithic groups that expanded from the Middle East towards the European peninsula.
The identified genetic structure raises important issues not only for historical but also for medical genetics. Differential distribution of malaria resistance variants among Mediterranean populations is well known, and thought in part to be the result of local selection pressure (Tishkoff et al. 2001; Verrelli et al. 2002) . The presence of structure as identified by multiple genetic systems suggests that other polymorphisms might be not randomly distributed as a result of the indicated demographic phenomena. In particular, variants involved in the response to drug metabolism are important candidates for such investigation, and indeed some of them, for example the CYP2D6 and PKU genes, show significant differences across European and Mediterranean populations (Bradford, 2002; Cali' et al. 1997) . More detailed sampling and investigation focused on this area will be critical for extensive evaluation of the degree of population structuring present, and the demographic processes that have shaped them. 
Appendix
List of haplotypes (STRs plus hgs) and their occurrence in the populations investigated in this study. Codes as in Table A1 . * Hg was identified as described in the text. 41 12  13  11  13  23  9  E3b  1  2  3  42 12  13  11  13  23  10  E3b  2  1  3  3  9  43 12  13  11  13  23  11  E3b  1  1  44 12  13  11  13  24  9  E3b  1  1  4  1  15  22  45 12  13  11  13  24  10  E3b  3  2  5  6  4  3  1  24  46 12  13  11  13  24  11  E3b  1  1  1  1  1  5  47 12  13  11  13  24  12  E3b  1  1  48 12  13  11  13  25  9  E3b  1  1  2 
